Introduction
Anthropogenic influence on global climate change is one of the greatest challenges in the modern society with greenhouse gases (GHG) emission reaching a record high. According to the Intergovernmental Panel for Climate Change (IPCC) the effects on climate change will continue for many years even if the GHG emission is reduced considerably [1] . Hence the necessity for a transition to alternative and more sustainable resources is deemed necessary. Among others, bioconversion of non-food and waste biomasses to food and feed ingredients, bio-based chemicals, biomaterials and biofuels but also the production of renewable based fertilisers has attracted large attention. The valorisation of lignocellulosic, domestic and industrial residues and the relevant technological advances are investigated in the frame of 2 nd generation biorefineries [2, 3] .
However, industrial application of bioconversions for production of fuels and bulk chemicals from lignocellulosic biomasses and industrial effluents is still limited mainly due to the higher production cost when compared to crude oil-based alternatives. A common bottleneck for the cost effectiveness of most bioprocesses is the relatively low concentration of the targeted product at the effluent stream, which results in increased downstream processing cost. However, increasing the titer of the final product is not always feasible due to various inhibition effects. Common sources of 3 inhibition are i) the feedstock chemical composition, ii) the substrate itself, iii) the product or, in most cases iv) a combination of the above. For example, sugars bound in lignocellulosic biomass are not readily available for bioconversion and thus a pretreatment step is most often than not a necessity [4] . However various inhibitors for the subsequent biological step can be released during pre-treatment, i.e. aliphatic acids, furfurals and phenolic compounds [4] . Another promising feedstock for valorization in the frame of 2 nd generation biorefineries is crude glycerol generated during biodiesel production [5] . Crude glycerol represents 10% of the total production volume and due to the great amounts generated nowadays, is considered as a waste product and its disposal can become rather costly process [6] . Glycerol can be biologically converted into various products i.e. butanol, 1,3 propanediol and ethanol [5, 7] . However, like in the case of pretreated lignocellulosic feedstocks, impurities like long chain fatty acids, soaps, methanol and salts inhibit the bioconversion of crude glycerol [8] . Last but not least, end-product inhibition is very common in anaerobic fermentations, among others in ethanol and butanol fermentations but also in butyric acid fermentations [5, 9, 10] . Numerous studies have focused on overcoming inhibition effects and various methods have been suggested and developed. Among them, microbial selection/adaptation, genetic engineering and medium detoxification have been proposed when lignocellulosic biomasses are concerned [4, 11, 12] , while crude glycerol can be purified by mechanical, chemical and biological treatments [13] . In situ removal of inhibitory end-products is an effective way to overcome product inhibition and it has so far been applied on bench-scale acids and alcohols fermentations [14, 15] .
Recovery and reuse of water from the effluent of the biological step in a non-energy intensive manner, could potentially improve the economy of bioconversion processes. In this regard, Forward Osmosis (FO) separation technology has the potential of being applied to biorefineries for water reuse from the dilute effluents. FO technology uses semipermeable membranes, designed to ensure 4 high water flux, rejection of small solutes and long-term chemical and mechanical stability [16] .
The mode of operation includes the transfer of water from a low osmotic pressure solution (feed solution, FS), through the membrane, to a high osmotic pressure solution (draw solution, DS) [16] .
FO functions either as a stand-alone technology, if the diluted draw solution can be used directly (direct FO) or together with an auxiliary separation technology, when clean water is the product (indirect FO) [17] . For commercialization of the FO technology, recent studies have identified draw solution regeneration and membrane development as the key challenges [16] . Hence, many complex draw solutions have been tested and established the last decade like nanoparticles, hydrogels and various solvents [18, 19] .
Nowadays, industrial applications of FO technology are within the seawater/brackish water desalination, wastewater treatment and food processing fields [20] . For production of clean water and regeneration of the draw solution, FO is usually combined with Reverse Osmosis (RO) membranes, since bivalent and monovalent inorganic salts are the most frequently used draw solutes [16, 19] . More often than not, FO technology is regarded as an "advanced pre-treatment technology" for liquid effluents that are not suitable for direct application of RO or other membrane separations as FO is less sensitive to suspended constituents, dissolved organic material and inorganic scalants [19] . In short, the status of FO technology nowadays is well-described by Shaffer et al. as "FO process is not intended to replace RO but rather is to be used to process feed water that cannot be treated by RO". Therefore, the overall economy and energy requirements of a combined FO/draw solution regeneration are not improved when compared to RO alone although FO technology is not an energy intensive process per se and it also carries the additional advantage of the highly reversible fouling [19] .
Hereby, we propose an alternative approach regarding the FO membrane separation and the use of feed and draw solutions. As discussed above, the regeneration of the DS increases the energy 5 requirements and expenditures of water recovery. Hence we suggest the use concentrated feedstock directly as DS while the effluent of the biological process can serve as FS. This way no drawsolution re-generation is required and therefore only FO with low energy requirements will be applied ( Fig. 1 ).Make-up water is fed to the influent stream to obtain the desired feedstock concentration depending on the achievable recovery of this water re-use system.
The present manuscripts focuses on two preliminary questions that emerge for such an approach: a) whether the obtained water flux is high enough to justify application of FO technology and b) to what extent the downstream processing economics are improved by the application of low energy water recovery. Regarding the first topic, two commonly 2 nd generation biorefinery feedstocks, wheat straw hydrolysate and crude glycerol, have been tested for their water recovery potential by applying the Aquaporin Inside TM Forward Osmosis system. This biomimetic membrane system is based on using protein as water channels [21] and as reviewed by Habel et al. [22] aquaporin based membranes are imitating the biological processes of living cells and are potentially advantageous compared to conventional membranes regarding water specificity, water flux and solutes rejection. In order to focus on the potential of real feedstocks to be used as draw solutions and eliminate other factors affecting the water fluxes, e.g. microbial cells leading to biofouling, diluted feedstocks instead of fermentation effluents were initially used as feed solutions. Finally, the second question was addressed by applying a techno economic evaluation of the downstream processing cost for the most promising feedstock and process, namely fermentative butanol production from crude glycerol, with and without FO application. 6 
Materials and methods

Feedstocks
Pretreated and enzymatically Hydrolysed Wheat Straw (PHWS) was provided by BioGasol®, Denmark. The pretreatment and enzymatic hydrolysis was done as described in Baroi et al. [12] .
The composition of PHWS per litre of solution was: 72 g glucose, 55 g xylose, 4.2 g arabinose, 2.3 cellobiose, 7.1 g acetate, 0.02 g 5-HMF, 0.18g 2-Furfural, 0.2 g inorganic nitrogen (measured as NH 3 -N) and 0.11g inorganic phosphorus (measured as PO 4 -P) [12] . The PHWS was subjected to filtration through an 8µm pore size filter prior to use.
Crude Glycerol (CG) was provided by Daka ecoMotion, Denmark. CG was composed by 75% glycerol, 10 % animal fat, 1-2% sulphur, 10 % moisture, 5 % ash and <1 % methanol and had a pH of 1.5 [23] .
Osmotic pressure
Osmotic pressure of the solutions was calculated based on the van't Hoff equation (equation 1) and osmolality measurements with an Osmomat 030-3P cryscopic osmometer (Gonotec GmbH, Germany).
where ∏ is the osmotic pressure, ݅ the van't Hoff factor, M the molar concentration of the solution, R the ideal gas constant (0.08206 L atm/mol/K) and T the temperature (K).
Density of crude glycerol
The density of crude glycerol was determined with the use of 5 cm 3 Blaubrand® specific gravity bottles (BRAND GMBH + CO KG, Germany). The pycnometers were pre-calibrated by the manufacturer at 20°C and with 3 decimal precision. 7 
Forward osmosis membrane filtration
Process model for the economic evaluation
The economic evaluation focused on the most promising feedstock, which was the crude glycerol based on the water fluxes obtained. Butanol was considered the target product which could be obtained through fermentation of crude glycerol to butanol by Clostridium pasteurianum.
Typical fermentation yields of butanol from crude glycerol in a suspended growth system with no 8 in-situ butanol extraction were considered 0.21-0.30 g/g glycerol [5] . In the process model, fermentation of a medium supplemented with 2% w/w crude glycerol resulted in an effluent containing 0.46% butanol with water accounting for the 97.5% of the total effluent mass. The process of butanol recovery from the fermentation broth with and without water recovery was modeled using SuperPro Designer® V9.0 software.
The butanol recovery and purification model applied in this study was based on the simulation model for separation of butanol from aquatic solutions that was suggested by Luyben [25] . That method was based on the formation of the heterogeneous azeotrope in the butanol/water systems which, unlikely the homogeneous azeotropes, e.g. that of ethanol/water, forms two phases that can be separated. Therefore, butanol can be effectively separated by using a simple two-column distillation system. 
Results and discussion
Filtration experiments
Firstly, the potential of the pre-treated and enzymatically hydrolysed wheat straw, as a draw solution was evaluated. PHWS was tested in the past for its butyric acid production potential and it had been found that a 10% diluted PHWS solution could support growth of Clostridium tyrobutyricum DSM 2637 without any preceding adaptation needed [12] . Moreover, around 10%
was the dilution of feedstock where the end-product inhibition would be negligible or very low (giving approximately 5 g/l butyric acid). Therefore, 5 and 20% diluted solutions of PHWS were tested as feed solutions as they were considered closer to the case where feedstock and end-product inhibition effects would be manageable by the microbial strain without any additional intervention 10 (i.e. adaptation and/or in situ product removal). The osmotic pressure potential of different PHWS concentrations are summarised in Table 1 . As expected, the higher the concentration of wheat straw the greater the osmotic pressure of the solution. Undiluted PHWS demonstrated 42.6 bar of osmotic pressure, whereas a 1.8 bar was measured for a 5% PHWS solution. Three set ups were prepared as shown in Table 2 . Milli-Q water was used as a reference feed solution for the water flux potential and a water flux (J w ) of 6.21 L/m 2 /h was recorded for the first Following the wheat straw filtration, crude glycerol was also tested for its water recovery potential.
The main problems associated to the crude glycerol fermentation for butanol production is the nature of the feedstock itself, which is quite inhibitory for microbial growth due to the high concentration of long fatty acids (coming from animal fat), methanol and ions but also butanol which severely inhibits microbial growth. Due to its toxic effects, a maximum 17 g/L butanol concentration in fermentation broths is rarely achieved while typical butanol concentration is within the range of 2-13 g/L in most of the relevant literature studies at suspended growth reactors and without in-situ butanol removal [5] . Therefore, 1, 2 and 5% diluted solutions of crude glycerol (containing 9.4, 18.7 and 46.8 g glycerol/l, respectively) were considered as realistic concentrations to be tested as feed solutions. Crude glycerol solutions with 1, 2 and 5% content in glycerol are expected to reach 2-2.8, 3.9-5.6 and 9.8-14 g butanol /L when fermented with Clostridium pasteurianum in batch, suspended growth systems based on the reported yields of 0.21 -0.30 g butanol/g glycerol [5] .
In regards to the FO application potential, the great advantage of crude glycerol as a feedstock is its high osmolality. As showed in Table 3 , undiluted crude glycerol has an osmotic pressure of 468.5 bar, which is an approximately 10-fold higher than that of a 1M NaCl solution. Furthermore, even when diluted 20-fold, crude glycerol solutions, still demonstrated 13.33 bar of osmolality. This can be considered quite high when compared to PHWS. On the downside, the undiluted crude glycerol is quite viscous and this can pose a problem for the filtration, since increased friction in the tubes and within the chamber can occur. According to Shaffer and colleagues low viscosity of draw solutions is, among others, an important characteristic [19] . The density of crude glycerol was measured to be 1.249 g/ml. [19] . Hence, the 13 filtration was performed under ideal conditions, whereas in the case of PHWS and crude glycerol the conditions were far from optimal.
Based on the above, both feedstocks were considered promising cases for the application of FO as standalone step for re-use of water. Specifically, for wheat straw hydrolysate, there is still much potential for improvement by obtaining hydrolysates with higher osmotic pressures by altering the water added prior the pre-treatment and adjusting the conditions of the pre-treatment accordingly.
As reported in previous studies, wheat straw hydrolysate was a rather challenging feedstock for sustaining microbial growth of Clostridium tyrobutyricum for production of butyric acid [12, 28] .
The wild microbial strain was not able to grow on higher dilutions of the hydrolysate than 10% and a series of time-consuming adaptation was needed in order to create a mutant able to grow on more concentrated hydrolysate [12] . Butyric acid as a product was also inhibitory itself for the microbial growth and the inhibition was overcome by applying in-situ acid removal by reverse electro enhanced dialysis [15, 28] . Operating the biological process with diluted hydrolysate as influent and applying water recovery and recirculation by FO between the concentrated feedstock and the diluted effluent would be an alternative concept that could potentially result in comparable production costs eliminating thus the need of the lengthy microbial adaptation and in-situ products recovery. Such a comparison would be very interesting to be further investigated as it could be applicable to several other microbial processes subjected to feedstock and/or products inhibition.
Furthermore, it is important to underline that one of the major hurdles for large scale FO application is fresh water recovery and the subsequent regeneration of the salty solution. A hybrid FO-RO filtration have been proposed as an alternative, but this would make the overall process less energetically efficient than a simple RO separation [19] . On the contrary, a concentrated feedstock like crude glycerol can offer a realistic solution by eliminating the extra step of the draw solution regeneration. Instead, it can be directly utilized as fermentation feedstock after going through the 14 FO system according to the scheme proposed in Section 1, Fig. 1 . It is worthy to notice that preliminary experiments have shown that fermentation of 1.33 % crude glycerol by C. pasteurianum exhibited negligible difference in the osmolality of the solution when compared to the diluted feedstock (C. pasteurianum was able to grow on 1-max. 2% of crude glycerol generated at DAKA). Thus, it is anticipated that the water fluxes with fermented effluent as feed solution will not significantly differ from those obtained with the diluted feedstock. Nevertheless, other factors can also affect the efficiency of filtration over time and should be taken into consideration in further experimentation. The most important in the present case is a) biofouling due to cell biomass accumulation, especially when higher concentrations of crude glycerol will be used in the fermentation broth and b) build-up of salts and solids on the active or the support layer of the membrane. Common and non-invasive methods for membrane fouling prevention and regeneration is rinsing with distilled water and back-flushing [16, [29] [30] [31] [32] [33] .
Economic evaluation
Based on the water fluxes obtained during the filtration tests, crude glycerol was considered the most promising feedstock to continue working with. Therefore, and as it was already mentioned in section 2.5, the economic evaluation of the downstream processing costs focused on a plant producing butanol from crude glycerol fermentation by C. pasteurianum. The downstream processing cost as a function of the plant size and at different water recoveries is shown in Fig. 4 . Fig. 5 shows the % decrease of downstream processing cost with water recirculation and Fig. 6 the utilities and facility costs.
One can see that a 10% water recovery actually resulted in almost equal (10.38%) cost decrease. Similar results were yielded with the other set of simulations, which means that if a significant water recovery is achieved then a substantial cost reduction should be expected. As anticipated, the plant capacity is another important factor that affects the downstream processing cost; due to the economy of scale, a double size plant can reduce 37% the cost even without water recovery. Consequently, in case of water recovery the effect of the plant size remains the same and it can be combined with the effect of water recovery, e.g. a double plant size with 70% water recovery is accompanied by a 37% cost reduction due to the economy of scale plus the cost reduction due to the water recovery. The plant size also affects the relative magnitude of facility and utilities costs as shown in Fig. 6 . Finally, the % utilities cost contribution increases with the size of the plant while the % of facility cost contribution shows the opposite trend. According to the above figures and for the DAKA plant size with an annual throughput of 810000 kg, the cost reduction was calculated for the different water re-use percentages compared to the process with no water reuse and are shown in From the present work, it may be concluded that there is a clear potential for FO membrane separations being applied as standalone technology for the re-use of water in bio-based production processes. A pre-condition for considering application of the proposed concept is that the feedstock has an osmotic pressure that allows for high water fluxes when the effluent of the fermentation process is used as the feed solution. This depends on the osmotic pressure of feedstock itself but also on the necessity for its dilution before being biologically processed due to physiological limitations, i.e. inhibition effects, as discussed already in the introduction, Section 1. In the sequel, other issues regarding the performance of the FO should be addressed like i) the long term response of the membrane in foulants, ii) the optimal operating parameters and iii) the possible approaches for the cleaning/regeneration of the membranes. It has been shown that during filtration various organic and inorganic substances can form a layer on the surface of the membranes and hence reduce its performance [37] . Furthermore, the optimal operational parameters for the current set-up should be investigated by testing the effect of cross-flow velocity and osmolality difference along the membrane. Interestingly, the first has been proposed as a solution for membrane fouling since high liquid flow might rinse the membranes from foulants [38] . 
Conclusions
A novel study of water recovery potential via forward osmosis separation technology has been performed, using two abundant biorefinery feedstocks. This approach can revolutionise and offer a sustainable solution to the problem of water recovery, draw solution regeneration and product up-concentration. Regarding the water recovery potential, crude glycerol has demonstrated water fluxes up to 10.5 L/m 2 /h. Moreover, the potential benefits from the water recovery have been supported by an economic evaluation. Namely, fermentation of crude glycerol to butanol with C. pasteurianum was subjected to economic analysis and revealed that a 50% water re-use had as an effect the reduction of butanol purification costs by almost 50%.
Indicative major FO operational and capital costs were very low compared to the potential economic benefits of the process due to water re-use. Conclusively, there is a clear potential for FO membrane separations being applied as standalone technology for the re-use of water in biorefineries especially with feedstocks characterised by high osmotic pressure. Fig. 1 . Schematic diagram of the proposed process on FO application for water recovery:
FIGURE LEGENDS
Fermented broth and concentrated substrate are used as feed and draw solution for FO application, respectively. Consecutively the diluted feedstock is fermented and the concentrated product is subjected to downstream processing. 
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Concept: Water reuse in bioprocesses by applying standalone Forward Osmosis membrane technology between the concentrated influent and the diluted effluent
